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Abstract 
Solid ceramic particles have proven to be an effective heat transfer and thermal storage media for central receiver power 
production for a heat input temperature up to 1000◦C.  In the directly illuminated solid particle receiver, a cascade of ~0.1-1 mm 
diameter particles is directly heated within a receiver cavity by concentrated solar energy.  The efficiency of this approach, with 
respect to the energy balance on the receiver itself, is dependent on the physical properties of the particles.  In this work, the 
radiative properties, solar weighted absorptance and thermal emittance, have been measured for several commercially available 
particle candidates both in the as-received state and after thermal exposure to simulate extended operation at elevated temperature 
in air between 700◦C-1000◦C.  Heating the particles is shown to significantly reduce the solar weighted absorptance of as- 
received particles within 24 hours of exposure to air at 1000 ◦C, while heating at 700◦C in air has relatively little effect.  In the as-
received state, solar weighted absorptance can be as high as 93%, dropping to 84% after 192 hours at 1000◦C.  Particle stability is 
better at 700◦C, and the solar absorptance remains above 92% after 192 hours of exposure.  Analysis using x-ray diffraction 
(XRD) shows evidence of multiple chemical transformations in the sintered bauxite particle materials, which contain oxides of 
aluminum, silicon, titanium, and iron, following heating in air.   However, the XRD spectra show only small differences between 
as-received and heat treated particles leaving open the possibility that the observed change in radiative properties results from a 
change in oxidation state without a concomitant phase change.  Regardless of the specific degradation mechanism, the solar 
weighted absorptance of the particles can be increased beyond the as-received condition by chemically reducing the particles in 
forming gas (5%H2 in N2 or Ar) above 700◦C, providing a possible means of periodically rejuvenating degraded particles in situ.   
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1. Introduction  
The solid particle receiver (SPR) is a d irect absorption central receiver (power tower) in  which a falling curtain of 
small ceramic particles is directly illuminated by a beam of concentrated sunlight reflected to the receiver from 
heliostats in a collection field.  An illustration of a solid particle receiver system is shown in Figure 1.  In operation, 
concentrated sunlight is absorbed by the particles , increasing their temperature from 300-400◦C to over 700◦C.  The 
particles are then either placed in storage, which could be an insulated tank, or passed through a particle to steam 
heat exchanger in which the sensible energy stored in the particles is used to produce steam that drives a Rankine 
cycle power plant.   
Fig. 1. A conceptual illustration of a solar particle receiver-based solar power plant with a central receiver configuration.                
Source:  Sandia National Laboratories    
The SPR was orig inally conceived in the 1980’s by Sandia Nat ional Laboratories [1][2] as a means of increasing 
the operating temperature of solar central receivers beyond that attainable using nitrate salt-based heat transfer and 
storage media (about 580◦C) [3].  Initial development o f the SPR ended at Sandia in 1986  [4], following a 
considerable amount of work to select and characterize candidate materials  [5][6],[7], develop simulation tools for 
receiver design[8], and validate these tools with a range of tests to evaluate convective heat transfer [9] and rad iant 
heating capacity [10].  Work on the SPR was re-init iated in 2004, again at Sandia, when several thermochemical 
processes were developed to produce hydrogen from concentrated sunlight and water [11].  Several of these cycles 
required heat input in the range of 700-1000◦C, the operating envelope of the SPR.  This work resulted in the first 
on-sun test of the solid particle receiver in 2008 at power levels up to 2 MWth [12].  The SPR is now being 
investigated, in  mult iple configurations, as a technology that could enable lower cost, dispatchable solar power 
production including ~15 hours of thermal energy storage.   Combin ing a mature SPR with an advanced power cycle 
has several possible benefits including higher efficiency operation and inexpensive, non-corrosive storage media.   
The conversion efficiency of several power cycles suitable for use in concentrating solar power (CSP) 
applications is shown in Figure 2.  Most of these cycles benefit from several decades of development, while some, 
including the supercritical CO2 Brayton cycle, are only now reaching the prototype stage.  Modern central receivers 
operate with a supercritical Rankine cycle with a live steam temperature near 560◦C and a resulting power cycle 
efficiency of 42%.  Operation of a Rankine o r s -CO2 cycle at 700◦C can increase the conversion efficiency to ~46%, 
while avoiding the increased thermal losses  and material strength issues that challenge solar power cycles operating 
at higher temperatures (e.g. air Brayton).   
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Fig. 2  Power cycles under consideration for concentrating solar power production.   
The system level efficiency, ߟ௦௬௦ , of a CSP power plant is a function of the conversion efficiency, ߟ௖௢௡௩, achieved  
by the power b lock and the collection efficiency, ߟ௖௢௟௟, of the collector field and receiver.  The collection efficiency, 
of a solid particle receiver is the ratio  of the heat captured by the particles to the solar energy incident on the 
collection field and is dependent, in part, on the net rate of absorption of solar radiat ion by the particle curtain.  It is a  
function of the optical efficiency, ߟ௢௣௧ , the cosine of the angle between the mirror normal and the sun, ߟ௖௢௦, blocking  
and shading, ߟ஻Ƭௌ , the fraction of light incident on the receiver that enters the aperture, ߟ௜௡௧ , the cleanliness of the 
heliostats, ߟ௖௟௡ǡthe availability of the system, ߟ௔௩, atmospheric attenuation, ߟ௔௧௠, and the receiver efficiency, ߟ௥௘௖ .  
The system efficiency and collect ion efficiency are expressed mathematically in Equations 1 and 2, with 
representative values provided to illustrate the relative importance of each term.  The receiver efficiency, ߟ௥௘௖ , is a 
function of the solar weighted absorptance, ߙ௦ , and thermal emittance, ߳௧௛ , of the part icles, and is shown 
mathematically in Equation 3. 
 
ߟ௦௬௦ ൌ ߟ௖௢௟௟ ൉ ߟ௖௢௡௩          (1) 
ߟ௦௬௦ ൌ ͷͲΨ ή ͶͺΨ ൌ ʹͶΨ(Solar to electricity, annual average) 
ߟ௖௢௟௟ ൌ ߟ௢௣௧  ൉ ߟ௖௢௦ ൉ ߟ஻Ƭௌ ൉ ߟ௜௡௧  ൉ ߟ௖௟௡  ൉ ߟ௔௩  ή ߟ௔௧௠ ή ߟ௥௘௖      (2) 
ߟ௖௢௟௟ ൌ ͻ͵Ψ ή ͺͷΨ ή ͻͲΨ ή ͻͲΨ ή ͻͷΨ ή ͻ͹Ψ ή ͻͷΨ ή ͻͲΨሺݐܽݎ݃݁ݐሻ ൌ ͷͲΨ  
ߟ௥௘௖ ൌ ͳ െ
ఢ೟೓ήఙ൫்ೌ೛ర ି்ೞೠೝೝర ൯ା௛೎೚೙ೡ൫்ೌ೛ି்ೌ೔ೝ൯
஽ேூ ή஼ோ ήఈೞ
      (3) 
ߟ௥௘௖ ؆ ͻͳΨ݂݋ݎ߳௧௛ ൌ ͻͲΨǡ ௔ܶ௣ ൌ ͻ͹͵ܭ ǡ ݄௖௢௡௩ ൌ ͷͲ
ܹ
݉ െ ܭ ǡ ܦܰܫ ൌ ͳͲͲͲ
ܹ
݉ଶ ǡ ܥܴ ൌ ͳͲͲͲǡ ߙ௦ ൌ ͻͲΨ 
 
The representative values shown below Equations 1-3 are averaged over an operating year (as opposed to design 
point or instantaneous efficiency values).   In general, an efficient part icle receiver will have a high concentration 
ratio at the aperture, CR, high particle solar absorptance, low particle thermal emittance, and low convective losses 
represented from the aperture, represented by ݄௖௢௡௩ , for a given operating temperature, ௔ܶ௣, and insolation, DNI.   
Energy incident on an indiv idual part icle within the curtain  is either absorbed or scattered (diffusely reflected).  If 
the curtain density is high enough, a significant fraction of energy scattered from one particle may be absorbed by 
neighboring particles.  Therefore, the assessment of both the solar weighted absorptance and thermal emittance of 
the particle curtain is evaluated using a packed bed of particles in which incident energy can be absorbed over 
multip le reflections for light scattered into the bed (forward  scattering) [13], although single particle properties have 
also been measured [13][14].  Prior work has shown that a class of ceramic materials called “proppants”, which are 
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used as structural support in fractured o il and gas wells, are nearly ideal materials for use in a solid particle receiver.  
Proppants are strong, as they are made from naturally occurring sintered bauxite, non -corrosive, resistant to sintering 
under pressure, relatively inexpensive due to large production volume, and read ily availab le in formulations having a 
measured solar weighted absorptance greater than 90%.  However, as-received proppants are not stable under 
oxidizing conditions and exhibit a color change, and concomitant reduction in solar weighted absorptance, when 
heated in air for several hours at 700◦C or more.  In this paper we present data showing the evolution of the optical 
properties (solar absorptance and thermal emittance at 700◦C) for three commercially available proppant materials 
when heated in air between 700-1000◦C for up to 192 hours.  We then discuss possible causes of the change in 
properties, as well as options for reversing it.  One of these options , for which we present experimental data, is the 
chemical reduction of oxid ized particles with forming gas at 700◦C.  Processing the particles in this way completely  
reverses any observed color change, and can increase the solar weighted absorptance beyond the as-received 
condition of 93% (at best), to 95% in some cases. 
2. Results and discussion 
2.1. Candidate materials 
There are many approaches that can be used to manufacture the type of proppants used in this work, the details of 
which are generally not published in open literature.  However, a rev iew of relevant patents  shows that the process 
generally involves the following steps [15]:  mining raw feedstock, processing the feedstock to produce a powder, 
pelletizing the powder to produce “green” particles, and sintering the part icles at >1400◦C in a rotary  kiln.  Both the 
raw materials and the processing contribute to the color and optical properties of the proppants.  The physical 
properties of the three proppant formulat ions that we have investigated are shown in Tab le 1.  All of these materials 
were provided by CARBO Ceramics.  We have also included, for comparison, the properties of Norton 
Masterbeads®, the particle material investigated in the early days of SPR development, which  are no longer 
produced commercially.  The data in Table 1 are not a complete property set for a thermal storage medium.  
Information related to sintering under pressure (while in a storage vessel) and mechanical durability is also needed.  
A comprehensive discussion of these properties is pres ented by Hruby et al. [4]. 
Table 1. A summary of the physical properties of commercially available proppants 
Composition/Physical properties CARBOHSP® CARBOACCUCAST ® CARBOPROP® Norton Masterbeads® 
Al2O3 83 75 72 86 
SiO2 5 11 13 3 
T iO2 3.5 3 4 4 
Fe2O3 7 9 10 7 
Other components 1.5 2 1 - 
Median Diameter [μm] 697 300 443 ~600 
Heat capacity [J-kg-3-K-1] 1275 (700◦C) 1175 (700◦C) 1175 (700◦C) - 
Bulk density [g-cm-3] 2.0 2.0 1.88 1.76 
Solar weighted absorptance as-received  93% 91% 89% 94% 
 
All of the candidate materials are primarily composed of sintered bauxite, and differ main ly in the ratio of 
alumina to silica and in the amount of other oxides present.  The solar weighted absorptance of the as -received 
materials is highly process dependent and can vary between different batches of the same material.  In fact, the 
humid ity of the air, and corresponding change in oxygen partial pressure, on the day that the particles are sintered in  
the rotary kiln is enough to affect the color of the finished materials. 
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2.2. . Thermal testing and optical property measurement 
 Part icle candidates suitable for deployment in a solid particle receiver power p lant would ideally maintain a solar 
weighted absorptance greater than 85% when heated in air at 700◦C for an extended period (i.e. years).  The testing 
program was designed to establish if and when the optical propert ies of the part icles reach steady state under the 
conditions seen in a SPR-based power plant.  To that end, 100 mL batches of particle candidates were heated as a 1 
cm deep packed bed in air at a ramp rate of 10◦C/min to either 700◦C or 1000◦C and held at the temperature, in  
separate tests, for either 24, 48, 96, or 192 hours.  The particles were then allowed to cool naturally to room 
temperature.   
The optical properties of the particles were measured using handheld reflectometers from Surface Optics 
Corporation. The spectral hemispherical absorptance was calcu lated from measurements taken with the 410-Solar 
reflectometer, which measures spectral hemispherical reflectance in seven discrete wavelength bands between 335 
nm and 2500 nm.  Spectral data were integrated over the AM1.5 solar spectrum to calculate solar hemispherical 
absorptance for each sample.  Thermal emittance was calculated from measurements taken with the ET-100, which  
measures infrared reflectance in  six discrete bands from 1500 nm to 21000 nm.  The spectral emittance values were 
integrated over the spectral distribution of a black emitter at 700◦C to obtain values for thermal hemispherical 
emittance of the particles.   
CARBOHSP®, the proppant material having the highest as -received solar weighted absorptance, was the most 
thoroughly studied of all candidate materials.  Figure 3A shows the variation of spectral absorptance for 
CARBOHSP® following heat treatment in air taken with the 410-Solar.  Figure 3B shows the spectral absorptance of 
the same material in the infrared range taken with the ET-100. 
Fig. 3  (a) Spectral hemispherical absorptance of CARBOHSP ® over the solar spectrum following thermal exposure; (b) spectral hemispherical 
emittance of CARBOHSP ® in the infrared range following thermal exposure. 
At 1000◦C the properties of CARBOHSP® change significantly within only 24 hours with most of the change 
occurring at wavelengths greater than 500 nm.  The solar weighted absorptance drops  from an as-received value of 
93% to 91%, while the thermal emittance drops from 85% to 84% within 24 hours.  The properties of the particles 
continue to change as exposure time increases and do not reach a steady value within the 192 hour test limit.  The 
change in optical properties with exposure time is considerably slower for 700◦C operation, with the particles 
maintaining a solar weighted absorptance of 92% after 192 hours.   
The remaining two part icle candidates showed a similar response to heating as  CARBOHSP®, although they 
were not evaluated over the full range of conditions.  The change in solar weighted hemispherical absorptance and 
hemispherical thermal emittance for all three candidates as a function of time is shown in Figure 4. 
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Fig. 4  (a) Solar weighted hemispherical absorptance of three proppant candidates as a function of heating duration ; (b) hemispherical thermal 
emittance as a function of heating duration. 
The optical properties of all three candidate materials deviate only slightly from the as -received condition 
following heating in air at 700◦C for up to 192 hours.  That is not to say that there is no change in properties, but 
rather that it  is considerably slower than that observed at 1000◦C.  In  fact, the change may  be slow enough to justify 
the periodic regeneration of the part icles in situ (e.g. while residing in the thermal energy storage vessels of a 
powerplant) to return their solar weighted absorptivity to a value equal to or greater than the as -received value.  We 
investigated the use of chemical reduction as a means of regenerating degraded particles and found that heating the 
particles in  forming gas (5% H2 in either N2 or Ar) at  700◦C for 20 hours is sufficient to increase the as -received 
solar weighted absorptance to 95% when starting with either as -received part icles or degraded particles following 
heating in air at either 700◦C or 1000◦C.  Chemical reduction at higher temperature was also inves tigated with 
similar results.  The spectral hemispherical absorptance of CARBO HSP fo llowing chemical reduction is shown in 
Figure 5A along with data for non-reduced HSP.  An image of as-received, reduced, and oxidized CARBO HSP is 
shown in Figure 5B. 
 
 
 Fig. 5  (a) The spectral hemispherical absorptance of chemically reduced CARBOHSP®  (700◦C for 20 hours in forming gas) compared to as-
received and heat treated samples; (b) images of CARBOHSP ® in the (1) as-received condition, (2) following heating in air at 1000◦C for 24 
hours, and (3) after chemical reduction. 
In the as-received condition CARBOHSP® appears to be somewhat non-uniform in color, being composed 
mainly o f dark gray or black particles mixed with lighter, tan or orange particles.  The non -uniformity is more 
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pronounced following heating in air for an extended period.  When the particles are chemica lly  reduced not only 
does the solar weighted absorptance increase, but the color of the part icles becomes uniformly black.  The 
temperature at  which the thermal reduction is carried  out does not appear affect the final co lor or abs orptance value 
between 700◦C-1100◦C.   
2.3. Physical mechanisms associated with particle color change 
Samples of as-received and heat treated CARBOHSP® part icles were examined using x-ray diffraction (XRD) to 
determine the physical mechanisms responsible for the observed change in color and in the optical properties of the 
particles upon heating in air.  The XRD system used in these studies was a Bruker D8 Discover x-ray diffractometer 
equipped with a Ni-filtered  Cu Kα sealed x-ray  tube and a Lynxeye position-sensitive detector. The diffract ion 
patterns were obtained at room temperature and analyzed with Bruker EVA software package . Samples were 
prepared by heating CARBO HSP in air for a prescribed period of time, crushing the particles with a corundum 
mortar and pestle, and mounting the crushed particles on a zero background stage.   
The XRD data for as-received HSP as well as particles that had been heated in air for 192 hours at 1000◦C and 50 
hours at 1200◦C are shown in Figure 6 as separate spectra on each of the plots .   
Fig. 6  (a) full range of XRD data for CARBOHSP®  in the as-received condition and following heating in air to 1000 ◦C and 1200◦C; (b) 
magnified view of the XRD spectrum over low angles; (c) magnified view of the XRD data at higher angles. Symbols correspond to the 
following phases: SiO2 (○), Al2O3 (□), mullite (∆), Fe2TiO5 (◊), FeAlTiO5 (+). 
The XRD results show that silica is formed upon heating to 1000◦C and largely disappears upon further heating to 
1200◦C.  There are addit ional changes involving phases containing Fe2TiO5 and FeAlTiO5, which is consistent with 
studies conducted by Sandia on Norton Masterbeads®, a proppant material similar to CARBOHSP® [4].   Notably 
absent are phases associated with free iron oxide, either Fe3O4 or Fe2 O3. Considering  iron oxide comprises 7% of 
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the total proppant mass, the majority of the iron is most likely contained within other structures, such as Fe2TiO5. 
One additional XRD study was performed on chemically reduced CARBOHSP®, and the resulting spectra showed 
no substantial difference from as-received CARBOHSP® despite the significant difference in co lor and in solar 
weighted absorptance.   
The XRD results alone do not definit ively  explain the color change. Although minor phase transformations are 
observed, it is also possible that the color change upon heating could result from an increase in the density of 
oxygen vacancies and corresponding change in oxidation state of the metal ions  in one or more of the proppant 
constituents that is not accompanied by a phase change.  A relevant qualitative observation is that as-received 
CARBOHSP® is magnetic, oxid ized CARBOHSP® is much less magnetic, and reduced CARBOHSP® is strongly 
magnetic (in addit ion to being the darkest in  color).  This behavior is consistent with the behavior o f iron oxide:  
Fe3O4 is more magnetic than Fe2O3 in addition to being darker in co lor. It is possible that a small amount of free iron 
oxide exists in the material below the detection limit of XRD. 
3. Conclusions 
As concentrating solar power systems advance to higher temperature operation , new heat transfer fluids and 
thermal energy storage media will need to be developed.  Solid ceramic particles are one option for use in a direct 
absorption central receiver, serving as both the heat transfer fluid and energy storage media.  Ceramic proppants 
used on a large scale by the oil and gas industry are nearly ideal candidates for this applicat ion.  Proppants based on 
sintered bauxite exh ibit as-received solar weighted absorptance in excess of 90% (93% for CARBOHSP®), but are 
also prone to oxidation when heated in air to a temperature above 700◦C.  This is problemat ic with respect to CSP 
applications as the particles could potentially spend years at this temperature over the course of their service life 
while residing in the thermal energy storage system.  We have presented results for three commercially  available 
proppant formulations that show that the solar weighted absorptance and thermal emittance of the particles are stable 
at 700◦C in air for a minimum of 192 hours, but not stable at 1000◦C, with the solar weighted absorptance of 
CARBOHSP® decreasing to 91% after 24 hours and 84% after 192 hours .  The physical mechanism responsible for 
the change in the optical properties was investigated with XRD and could be related to phase transformations 
involving Fe2TiO5 and FeTiAlO5, and possibly to the oxidation state of iron contained in the proppants, present in 
the Fe3+  or Fe2+ states.  The observed color change, and change in absorptance, can be reversed by chemically  
reducing the particles in forming gas at 700◦C.  Part icles that have been reduced for 20 hours in 5% H2:95% Ar have 
a solar weighted absorptivity of 95%, which exceeds that of as -received particles and supports the possibility that 
periodic chemical reduction of the particles may provide a means to maintain a high level of solar absorptance.   
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